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Abstract

We addressthe problemsof prefettiingand1/O schedul-
ing for read-oncerefeencestringsin a parallel 1/O sys-
tem. Read-onceefeencestrings, in which ead block is
accessedaxactly once arise naturally in applicationslike
databasesnd videoretrieval. Using the standad paral-
lel diskmodelwith D disksanda shared I/O buffer of size
M, we presenta novel algorithm, Red-Bla& Prefetding
(RBP),for parallel I/O scheduling Thenumberof parallel
I/0s performedby RBPis within O(D'/3) of the minimum
possible AlgorithmRBPis easyto implementandrequires
computatiortimelinear in thelengthof therefeencestring.
Throughsimulationexperimentsvevalidatedthebenefitof
RBPover simplegreedyprefething.

1. Intr oduction

Modern applicationslike multimedia seners, seismic
databasesand visualizationand graphicsneedaccessto
large datasetsthat resideon external storage. The high
dataaccessratesdemandedby suchapplicationshasre-
sultedin the I/O subsystenbecominga significantperfor
mancebottleneck. The problemis exacerbatedy the ad-
ventof multiprocessingystemghatcanharnesshe power
of hundredof processorin speedingip computationlm-
provementsin I/O technologyare unlikely to keep pace
with processememoryspeedsgcausingmary applications
to choke on I/0. The increasingadoptionof multiple-disk
arraysand distributed storagenetworks [14], providesan
opportunityto improve I/O performancehroughthe useof
parallelism.The problemis to effectively usetheincreased
storagebandwidthandreducethel/O lateng.

In this paperwe addresshe problemof scheduling/Os
in a parallell/O system.We usethe intuitive paralleldisk
modelintroducedy Vitter andShriver[18]: thel/O system
consistsof D independently-accessibtiisksanda shared
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I/O buffer of capacityM blocks. The datafor the applica-
tion is storedon the disksin blocks;a block is the unit of
accesdrom adisk. In eachl/O upto D blocks,atmostone
from eachdisk, canbereadfrom the I/O subsystemFrom
the viewpoint of the I/O, the computationis characterized
by arefeencestring consistingof the orderedsequencef
blocksthatit accessedA block shouldbepresentn thel/O
buffer beforeit canbe accessethy the computation.Serv-
ing thereferencestringrequiresdevelopingan|/O schedule
to provide the computationwith blocksin the orderspeci-
fied by thereferencestring. Themeasuref performanceés
the numberof I/Os requiredto servicethe givenreference
string.

We concentrat®n a classof computationgharacterized
by readl/O accesse® distinctdatablocks[3]. Streamed-
dataapplicationslike multimediaretrieval and playback,
scientific vector processing,databasememging and filter-
ing [2, 12, string processingndflow visualizationfor in-
stancelargely involve suchdata-accespatterns.For such
read-oncereferencestringsthereis no benefitin caching
blocksthat have beenreferenced:we are guaranteedhat
they will never berequestecgain.Surprisingly evenwith
this simplificationthe “natural” intuitive schedulesanbe
shavn to be suboptimal.

Prefetchingis a well-known techniqueto hide I/O la-
teng in single-disksystems. It is particularly attractve
in the contet of parallel I/O as it provides a mecha-
nism to exploit disk parallelism. Parallelismcan be ob-
tainedby prefetchingblocksfrom idle disksin parallelwith
I/Os on the disksfetchingimmediatelyneededdata. Such
prefetcheddatais cachedn the I/O buffer sothata future
accesdo it can be serviceddirectly from the I/O buffer
without ary disk access.Performingaccurateratherthan
speculatre prefetchingrequiresknowledge of future I/O
accessesf the application. Therehasbeenconsiderable
recentwork on how to gathersuchinformationfrom appli-
cationsusing programanalysisand programmerprovided
hints[6, 11, 13].

In a single-disk1/O system prefetchingcan be used
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to reorderrequestsso asto optimize the seektime [19],
or to overlap computationand 1/O. In the parallel I/O
caseprefetchingpresentsa higher level schedulingprob-
lem asto which disks shouldbe accessedn an 1/O. As
an illustration considerthe following example of servic-
ing a read-oncereferencestring. Let the systemcon-
sist of 3 disks and a buffer of capacity6 blocks. Let
the blocks labeled A; (respectiely B;, C;) be placedon
disk 1 (respectiely 2, 3), and the referencestring be
A1A3A3A4B1C1AsByCyAg B3C3 A7 B4CyCsCeC. For
purposef this examplelet us saythatan1/O is initiated
only whenthe referencedblock is not presentin the I/O
buffer. Figurel (a) shovs an /O scheduleconstructedy
asimplegreedyalgorithmthatalwaysfetchesblocksin the
orderof the referencestring, and maximizesthe disk par
allelism at eachstep. At step1l, blocks 4; B; and C4
arefetchedconcurrentlyin onel/O. Whenblock A, is re-
guestedplocks A;, B andC, arefetchedin parallelin
step2. In step3, thereis buffer spacefor just 1 additional
block besides4s, andthe choiceis betweenfetching Bs,
(s orneither Fetchinggreedilyin theorderof thereference
stringmeanghatwefetch Bs; continuingin thismannemwe
obtaina scheduleof length9.

Figurel (b) presentainalternatve scheduldor thesame
referencestring. At step2 disk 2 is idle (eventhoughthere
is buffer spacelandC; thatoccurslaterthan B, in theref-
erencestringis prefetchedsimilarly, at step3, C5 thatoc-
cursevenlaterthan B, is prefetched However, the overall
length of the scheduleis 7, betterthan the schedulethat
fetchedgreedilyin the order of the referencestring. The
underlyingoptimizationproblemis to find a schedulehat
serviceghereferencestringin theleastnumberof I/Oswith
thegivenl/O buffer.

The greedyprefetchingalgorithm mentionedhas poor
performanceequiring,in theworst-case2(D) timesmore
I/Osthanthe optimal[3]. Theworst-casgerformancean
be improvedto aratio of ©(v/D) by usingthe on-line al-
gorithm NOM describedn [3]. While NOM was shavn
to have the bestpossibleratioamongall on-linealgorithms
with lookaheadf M blocks,thereappearso way to gen-
eralizeit to do betterwith increasedookahead.

The maincontribution of this paperis anl/O scheduling
algorithm,Red-BlackPrefetching RBP),for read-onceef-
erencestringsin a parallel /O system. Algorithm RBP is
easyto implementandrequirescomputatiortime linearin
thelengthof thereferencestring. Furthermoren thesched-
ule generatedhe I/Os for ary singledisk arenaturallyag-
gregatedtherebyallowing thesystento exploit lowerlevel
optimizationsat the level of the disk controllet In addition
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Figure 1. (b) An Impr oved Schedule

RBP hassuperiorworst-caseerformanceanalysisshavs
that the worst-casenumberof I/Os performedby RBP is
within ©(D'/3) of the optimal.

The rest of the paperis organizedasfollows. A brief
summaryof relatedwork is presentedn Section2. Algo-
rithm RBPis describedn Section3. An outlineof theanal-
ysis boundingthe numberof 1/0Os doneby RBP relative to
the optimalis presentedn Sectiond. Finally, anempirical
evaluationof thealgorithmis presentedh Section5.

2. RelatedWork

Algorithmic studyof parallell/O for read-onceeference
stringsinitially concentratedn particularapplicationsuch
asexternalmeming andsorting[2, 12, 18]. In [3] ageneral
framework for studyingschedulingandbuffer management
algorithmsfor read-onceeferencestringswasintroduced,
andfundamentaboundsveredemonstrated.

Read-maw referencestringswherea block canbe ac-
cessedepeatedlyhave beenthe focus of classicalbuffer
managemen, 15]. Theseworks primarily dealwith the
problemof cachingandtheimpactof differenteviction poli-
cieson the numberof 1/0s. In [5] a new modelfor in-
tegratedprefetchingand cachingwas introduced. In this
modelthetime to consume blockis anexplicit parameter
andtheelapsedimeis theperformancenetric. Off-line ap-
proximationalgorithmsfor a single-diskand multiple-disk
systemsn this modelwereaddressedh [5] and[9] respec-
tively. Recentlya polynomialtime optimal algorithm for
the single disk casewas discoveredin [1]. In the parallel
disk modelusedin this paper a randomizedcachingand
schedulingalgorithmwith boundedexpectedperformance
was presentedn [8]. Using a distributed buffer configu-
ration, in which eachdisk hasits own private buffer, [17]
presentecan optimal off-line 1/0 schedulingalgorithmto
minimizethenumberof I/Os.

There has also beenempirical work in improving the
performanceof parallel I/O systemsthrough the use of
prefetching.Several recentstudieshave alsolooked atim-
proving the performancef prefetchingandcachingby us-
ing knowledgeof the applications accesatterng6, 11,
13]. Thebenefitsof performingcollective I/O andefficient
methodsto implementit in a distributed I/O systemwere
discussedn [7, 10].

3. Algorithm RBP

In this sectionwe describethe 1/0 schedulingalgo-
rithm Red-BlackPrefetching(RBP). As indicatedbefore,
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Figure 2. Algorithm RBP

thereferencestring, (ro, r1,72,73,...,7N—1), denoteshe
orderedsequencef 1/0O accessesnadeby the computa-
tion. We considerread-onceeferencestringswhereall the
blocksaccessedredistinct;i.e.,r; # r; if ¢ # j.

The detailsof the algorithmare presentedn Figure 2.
RBP labelseachblock of the referencestring eitherred or
black. Thel/O buffer is alsopartitionedinto redandblack
portionsto hold blocks of the corresponding-olor. 1/0s
for eachcolor arescheduledyreedilyandindependentlyn
sucha way asto collectively reducethe total numberof
I/Os. Labeling of the blocksis the importantpart of the
algorithm.

The referencestring is partitionedinto contiguousse-
guence®flengthM . Eachsuchsequenceés calledaphase
thatis, the ith phase;i > 0, denotedby phase(i), is the
Sequencer i, *arit, - - - TM(i+1)—1), Of M consecutie
blocksof thereferencestring.

By definition, a phaseconsistsof one memory-loadof
data. As the size of the I/O buffer is M, it is possibleto
fetch all the blocks of a phaseusing the fewest possible
numberof I/Os. This canbe achieved by a simplegreedy
stratgy which, in every 1/O, fetchesfrom every disk the
next block in the phase. The numberof I/Os requiredis
justthemaximumnumberof blocksfrom ary singlediskin
thatphase.Sucha greedystratey to servicethe reference
stringwould optimizethe numberof 1/0s in ead phaseas
describedabove. However, the algorithm fails to exploit
parallelismacrossphases.This resultsin a dilation of the
scheduleby afactorof ©(+/D) over algorithmswhich ex-
ploit inter-phaseparallelism[3].

Ourapproachhereforeattemptgo useinter-phasearal-
lelismto reducehenumberof I/Os. We dothisby introduc-
ing a coloring schemehat partitionsthe blocks of a phase

into two setsbasedon athresholdwidth . The blocksin
onesetarecoloredredandthosein theothersetarecolored
black. Intuitively, the red blocks of a phasespana small
(lessthanW) numberof disksandform anarrov portionof
aphasewhile the black blocksconstitutea wide portion.

To determinethe color of a block we first determinethe
depthof theblock. Thedepthof ablockis onemorethanthe
numberof blocksthatarerequestedbeforeit, fromthesame
disk, in the samephase For instancef ablock b requested
from disk d in phase(%) is of depthk, thentherearek — 1
blocksin phase(i) thatarerequestedrom disk d beforeb.
Note that the numberof 1/Os that are neededo servicea
phases directly givenby the maximumdepthof any block
in thatphase.

Blocksarecoloredbasednthewidth of blocksata par
ticular depth. Thewidth of ablock is givenby the number
of blocksin that phasethat have the samedepth. Finally,
thecoloringis decidedasfollows: If thewidth of ablockis
lessthanW thenit is coloredredelseit is coloredblack.

Figure3illustrateghecoloringschemeavith anexample.
Considera systemwith 5 disksandan|/O buffer of capac-
ity 16 blocks. Let thesequencef blocksin somephasebe
phase@) = <a1 a2b1c1 d1 b2b302€1626303 63@4@504). Flg-
ure 3(a)shawvsthelocationof blockson the disks. Figure
3(b) shaws the depthof correspondingdlocks; the num-
berontheleft handsideindicatesthe width assignedo all
blocksthathave aparticulardepth.Forinstanceasthereare
4 blocksthat have a depth3, the width of all thoseblocks
is 4. Finally, assumingathresholdwidth W = 3, all blocks
thathave awidth lessthan3 arecoloredred (in Figure3(c)
this correspondso the grey portion), andall otherblocks
arecoloredblack.

Intuitively theredblockscorrespondo thoseblocksof a
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Figure 3. lllustration of definitions.

phasethat spana few disks. If we attemptto servicethese
requestsn a phase-by-phaskshion,we may be unneces-
sarily sequentializind/Os. A betteralternatie would beto
parallelizel/Os for suchblocksacrosgphasesnstead.This
is theintuition underlyingRBP.

RBP logically partitionsthe I/O buffer into two parts:
theredpartof size M, andthebladk part of size My, M, +
M, = M. Eachportion of the buffer is usedto only hold
blocks of that color. If the requestedlock is presentin
either of the buffers the requestis servicedand the block
immediatelyevicted from the correspondindouffer. If an
I/O is requiredto fetch the requestedlock, a batched/O
is issuedsimultaneouslyon all or a subsetof disks. All
blocksfetchedin the batched/O are of the samecolor as
therequestedlock. If thisblockis coloredred(black),then
thebatched/O issueds suchthat M. (M;) consecutiered
(black)blocksstartingfrom therequestedblock arefetched.

Notethatwithin a particularcolor blocksarefetchedin
the orderthey appearin the referencestring. Henceif a
block of a particularcolor is missingfrom the buffer, there
areno blocksof thatcolor in the buffer at thattime. This
ensureshatwe canalwaysissuethebatched/Osfor M,. (or
M) blocksis describedabore. Thetotal numberof I1/Os is
no morethanthe maximumnumberof blocksfetchedfrom
ary singledisk.

The algorithm leaves openthe choice of the threshold
width W and the amountof buffer allocatedto the two
buffers. In Theoreml we shaw thattheratio of the number
of I/0sdoneby RBPto thetotalnumberof I/Os doneby the
optimal algorithmcanbe boundecby ©(D'/?), by taking
thethresholdwidth as D'/? anddividing the buffer equally
betweerred andblack. In practice,furtherimprovements
(by constanfactors)canbeachieved by choosingthe sizes
of thered andblock buffers adaptvely, basedon the char
acteristicof thereferencestring. Sections presentanem-
pirical studyof the sensitvity of RBPto the buffer partition
sizes.

4. Analysis

In this sectionwe outline the analysisof RBP. For rea-
sonsof space,we give only an intuitive idea behindthe
proofs.We shallcomparehe numberof I/Os doneby RBP

to that of the optimal off-line algorithm, denotedby OPT.
OPT producesa minimal lengthscheduldor ary reference
string. Interestingly thoughwe do not know OPT, we can
gettight boundson the performancef RBPrelative to it.

The measureof performancehatwe usein this discus-
sionis theapproximatiorratio: in thecurrentcontext thisis
the worst caseratio over all referencestrings,of the num-
ber of 1/0s doneby RBP to thosedoneby OPT. In other
wordsit is theworstcasedilationin theschedulegenerated
by RBP comparedo thatgeneratedyy OPT. Theboundon
the approximationratio of RBP is given by the following
theorem.

Theorem1 Theappoximationratio of RBPis boundedy
e(D/3).

Proof: Thel/Os for RBP canbe dividedinto 1/0Os done
to fetch black blocksandthe I/Os to fetch red blocks. We
breakour analysisinto two parts. We shav in Lemma2
that the ratio of the numberof 1/0Os doneby RBP for the
red blocks to the total numberof I/Os doneby OPT is
O(vDW) whenM, = M/2. We thenshav in Lemma4
that the ratio of the numberof 1/0s doneby RBP for the
black blocks to the total numberof 1/0s doneby OPT is
O(v/D/W) whenM, = M/2. Togetherwe thennotethat
the approximatiorratio, is boundedabove by O(D/3) by
choosingW’ = D'/3. Finally, thelower boundis shavn by
constructinganexamplereferencestringfor whichtheratio
is Q(D/3), i

In orderto boundthe ratio of the numberof 1/0Os done
by RBPfor redblocksto thetotal numberof 1/0Os doneby
OPT, wedividethereferencestringinto swaths Eachswath
is aminimal setof contiguougphasessuchthatthereareat
leastM redblocksin it. As aphasehasatmostM blocks,
it hasat most M red blocks, and hencea swath contains
atmost2M — 1 redblocks. By noticing that RBP issues
abatched/O for M, = M/2 blocksat atime we getthe
following lemma.

Lemmal Thenumberof I/Os doneby RBPfor redblocks
in the jth swathis at most4 H,.(j), whee H,.(j) is themax-
imumnumberof redblodkson a singlediskin that swath.

The above lemmaprovidesan upperboundon the number
of 1/0s doneby RBP in eachswath. Next we boundthe



numberof 1/0Os doneby OPT in the phaseghatmale up a
swath. To dosoweintroducethenotionsof peakanduseful
block, thatintuitively keeptrack of the numberof 1/Os that
still needto be doneby OPT andthe numberof 1/Os that
OPT hassaved comparedo RBP respectiely. The peak
of a swath is the maximumnumberof red blocks of that
swath from ary singledisk, thatare not presentn the I/O

buffer. The numberof useful blocks prefetchedoy OPT
keepstrack of the differencebetweenthe sumof peaksof

all future swathsseerby OPT andRBPrespectiely. From
theprecedingooundon the numberof 1/0s neededy RBP
thenumberof usefulblockscanbe seerasameasuref the
numberof I/Os OPThassavedcomparedo RBP.

Thenotionsof peakandusefulblocksplay a centralrole
in boundingthe numberof 1/0Os doneby OPT. We consider
a sequencef contiguousswathssuchthat the numberof
usefulblocksprefetchedy OPTin thatsequencés atmost
2M. In eachsuchsuperswathwe show thattheratio of the
numberof redl/Osdoneby RBPis within O(+/ DW) of the
total numberof I/Os doneby OPT.

Theintuition behindtheproofis thatif OPT prefetched
lot of usefulblocksfor asingleswaththenit musthave done
alarge numberof 1/Os to fetchthem. On the otherhandif
OPTdid not prefetchmary usefulblocksthenits advantage
overRBPis limited. This couldstill resultin ahighapprox-
imationratioif thenumberof I/Os doneby OPTitself were
small. But thenby notingthatthe width of red blocksis at
mostD'/3, we shav thata superswathwill includea sub-
stantialnumberof phasesandhenceOPT will needto do
sufficient numberof 1/0Os to ensurghe bound. The formal-
ization of theseideasto get the desiredboundis involved
andthe detailsareomittedfrom this paper Lemmaz2 gives
the requiredboundconcerningl/Os doneby RBP for the
redblocksof areferencestring.

Lemma2 Theratio of the numberof I/Os doneby RBPto
fetch theredblodksto thetotal numberof I/Osdoneby OPT
is O(~/DW).

Next we boundthenumberof I/Os doneby RBPto fetch
black blocks of the referencestring, relative to the total
numberof I/Os doneby OPT. The outline of the analysis
in this caseparallelsthatusedfor redblocksexceptthatthe
analysisproceed®n a phase-by-phasatherthana swath-
by-swathbasis.

Lemma3 Thenumberof I/Os doneby RBPfor the bladk
blodks of phase(i) is at most 2H;(i), whee Hy(i) is
the maximumnumberof bladk blocks on a single disk in
phase(i).

We definenotionsof peakandusefulblockswith respect
to phasesand black blocks. An importantobsenation is
thatif the numberof usefulblocksin the buffer is U, then
the numberof blocksin the buffer is atleastUW. Thisis

becausenly thoseblocksthataremorethan W wide are

coloredblack. Henceif at somestagethereare U useful

blocksintendedor a phasen thefuture,at eachintermedi-
atephasethereareUW blocksin the buffer. Thisin turn

reduceshebuffer availablefor OPTto serviceintermediate
phasedorcing OPT to performa certainnumberof extra

I/Os. By carefully accountingfor thesel/Os andthe I/Os

doneto fetchusefulblocks,we getthedesiredboundonthe

ratio of the numberof I/Os doneby RBP for black blocks
to thetotal numberof 1/0Os doneby OPT.

Lemmad4 Theratio of the numberof I/0Os doneby RBPto
fetch the bladk blodks to the total numberof 1/0Os doneby

OPTis O(/D/W).
5. Simulation Results

In this sectionwe presentan empiricalevaluationof the
algorithmRBP Syntheticreferencestringsweregenerated
usingaburstymodeldescribedelon. We comparehe per
formanceof RBP with the naturalgreedyprefetchingalgo-
rithm, andstudythe sensitvity of RBP to the buffer parti-
tioning. The measuref performances the numberof par
allel I/Os neededyy the algorithmto servicethe reference
string.

The implementationof the naturalgreedyalgorithmis
basednthealgorithmNOM describedn [3]. Intuitively it
works asfollows. It issuesan /O whena requestedlock
is notpresentn thel/O buffer. Onevery suchl/O thealgo-
rithm attemptgo prefetchblocksasfollows: from ary disk
it prefetchedhe earliestrequiredblock, providedthe block
lieswithin thenext M references.

It is interestingto considerthe reasonwhy a block is
prefetchedbnly if it lies within the next M referencesAn
alternatve aggressie /0 schedulingalgorithm that may
be considereds onethat prefetchesa block from all disks
wheneerthereis spacen thebufferto hold D blocks.Such
an aggressie algorithm hasthe disadwantageof possibly
prefetchingoo far into the future from afew disks. In turn
this mayfill thel/O buffer with blocksthatwill notbecon-
sumedfor a long time, chokingthe buffer andresultingin
low I/O parallelism.In theworstcasesuchanaggressie al-
gorithmcando © (D) timesmorel/Osthanthe optimal[3].

The sequencef referencesisedto evaluatethe algo-
rithmswasgeneratedisinga bursty modelof data. In this
model, the sequencef accessesre usually random;that
is, they accessary disk with uniform probability. But oc-
casionallythereis burstof I/O requestgo a smallsetof k
hot-spotdisks. The setof hot-spotdisks changeslynami-
cally asthecomputatiorprogressesSpecifically themodel
takestwo parameterga) the fraction f of randomblocks
and(b) thenumberk of hot-spotdisks. Datawasgenerated
in rounds,with eachroundconsistingof M accessesThe



G- - -0 1
N —= 2
AN 0--0 5

2k “a o x 8]
e v— 10

Number of I/0s

I I
10 20 30 40 50 60 70 80 920 100
% of blocks randomly distributed

(a) Algorithm NOM

Number of I/0s

G- - -0

. o-—%

o
Soane

I
10 20 30 40 50 60 70 80 920 100
% of blocks randomly distributed

(b) Algorithm RBP

Figure 4. Performance of NOM and RBP vs. percentage of random blocks, for diff erent values of k

setof hot-spotdisksin eachround was chosenrandomly
from amongthe setof all disks. In a round,the first M f
blocks were randomly requestedrom all disks and then
M (1 — f) blockswererequestedandomlyfrom amongthe
k hot-spotdisks.

Both f = 1 andf = 0 represenextremesin the spec-
trum of possibleaccessatterns. When f = 1 thenthe
datais completelyrandomso that ary disk may be ac-
cessedn an I/O with equal probability In this casethe
simplel/O schedulingpolicy thatfetchesgreedilyfrom all
diskssufficesto achieve goodI/O parallelism.Onthe other
handthe casewhen f = 0 representshe situationwhen
in a phasethe dataaccesseds from a smallsetof hot-spot
disks.In thiscasethereis muchlesspotentialfor 1/O paral-
lelism sincedatais concentratedn just a few disks;hence
prefetchingwill notprovidemuchbenefitin thiscase Other
choicesof f representinterestingaccesspatternswhere
thereis substantialatentl/O parallelismavailablein theref-
erencestringwhich canbe exploitedby a suitableprefetch-
ing algorithm.For our resultspresentedve consideran1/O
systemconsistingof 100 disksand an I/O buffer of 5000
blocks.

Figure4 shaws the numberof I/Os performedoy NOM
and RBP asthe percentagef randomblocksin the refer
encestringis varied. Eachline in the plot correspondso a
fixednumberof hot-spotdisks.For bothNOM andRBPwe
cannoticeadecreasn thetotal numberof I/Os performed
asthe percentagef randomblocksincreases.Intuitively
thisis dueto thefactthatasthepercentagef randonblocks
increasedn ary givensggmentof thereferencestringthere
area lot moreblocksthat are uniformly distributedacross
all disks. In effect for RBP this meanghat the numberof
black blocksincreasessthe percentag®f randomblocks
increases.On the otherhandwhenthe percentag®f ran-

domblocksis low the numberof redblocksis higher;that
is, more blocksare concentratedn a few disks. This re-
guiresthemto be servicedwith muchlessparallelismand
subsequentlyequiresalargernumberof 1/Os.

As expectedthe plot of NOM is linearwith the percent-
ageof randomblocks, asthe effective overall time canbe
approximatedy the expression:N(f/D + (1 — f)/2k),
wheref is thefraction of randomblocks, k£ the numberof
hot-spotdisks,and N thetotal numberof blocksin theref-
erencestring. Intuitively, the f N randomblocksarefetched
with closeto full parallelism(D), while therestaregotwith
parallelismlimited by the numberof hot-spotdisks. As a
few blocksfrom the next roundcanbe gotin parallelwith
thel/Os on hot-spotdisks,the effective parallelismfor such
blocksis doubled.

On the otherhandRBP shavs non-linearbehaior asit
exploits parallelismacrossburst periodsthrough|/Os for
red blocks. Thatis evenif thereis very little parallelism
to be exploited during a single burst period, RBP exploits
the fact that the hot-spotdisks differ acrossburst periods.
As the percentag®f randomblocksincreasesthe number
of burstperiodsthatRBP needdo look atto fetchthe same
numberof redblocksincreasesHencethechancehatsome
disk may be commonacrosamary burstperiodsincreases,
reducingthe effectivenesf prefetchingacrossbhurst peri-
ods. This is the reasonwhy the slopeof the plot for RBP
decreasewith increasingf.

From the samefigure we cannotethat for a given per
centageof randomblocks,asthe numberof hot-spotdisks
increasesthe numberof I/Os doneby both the algorithms
decreasesThis can be explainedfrom the fact that for a
given f, ask increasesthe averageparallelismduring the
burst period increasesbecausethe blocks are distributed
over a larger numberof disks. RBP tendsto flatten out
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Figure 5. Comparison between NOM and RBP for a fixed number of hot-spot disks
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Figure 6. Sensitivity of RBP to the amount of black buffer, when k = 2

for large k asprefetchingacrossburstsbecomedesseffec-
tive dueto a higherprobability of the setsof hot-spotdisks
acrosdurstsoverlapping.At this stagehebehaior of RBP
approachethatof NOM.

A closercomparisorbetweenthe performanceof RBP
andNOM for afixednumberof hot-spotdisks,is presented
in Figure5. For brevity, we presentresultsfor only two
samplevaluesof k: 2 and10. Similar trendshold for other
valuesof k. Theselillustratetwo extremesin the structure
of thereferencestring. Whenk = 2, the burstsaresignif-
icantly serializedwhile whenk = 10 thereis areasonable
amountof parallelismevenwithin aburst.

In both casesRBP out-performsNOM, thoughthe dif-
ferences greatemwhenk = 2. Thisis becauséor smallerk
thereferencesvithin a burstare essentiallysequentialput
acrosdurststhereis substantiaparallelisnthatis exploited
by RBRP

Figure6 shavsthe sensitvity of RBPto the partitioning
of the buffer. It shaws the variationin the numberof 1/0Os
done by RBP with the fraction of the buffer allocatedto
black blocks,whenthe percentagef randomblocksis 20,

50 and 100 respectiely. In all threecaseshe numberof

hot-spotdiskswaskeptat 2. Thehorizontalline in all three
casess thenumberof I/Osdoneby NOM, thatis, of course,
independenof theway the buffer is partitioned.

An importantpointshavn by theseresultsis thattheper
formanceof RBP s very sensitve to the amountof buffer
allocatedo thetwo colors.Whenthepercentagef random
blocksis 20%,only around1% of the buffer needgo beal-
locatedfor black blocks. On the otherhandevenwhenthe
fractionof randomblocksis 90%,around60%of the buffer
needgo beallocatedfor theredblocks. This asymmetryis
becausevenwhenf is largeandtheburstsaresmall,there
is still benefitto be got by prefetchingacrossursts.In fact
it is still worthwhile to resere a significantportion of the
buffer for this purpose. This is dueto the factthat when
the accesseare uniform, the time that a prefetchedlock
spendsin the buffer beforeit is consumeds very small,
andhenceit is enoughto resere a relatively small buffer
for black blocks. On the otherhandeventhoughthereare
fewer red blocks, oncefetchedinto the buffer they arere-
tainedfor amuchlongertime necessitating larger portion



of thebuffer to beresenedfor suchblocks.

In generalwhentoo smalla fraction of the buffer is re-
senedfor therandomblocks,the numberof 1/0OsthatRBP
doesfor black blocksis very substantial. The situationis
alleviatedasmore buffer is allocatedfor the black blocks.
But beyond a threshold the penaltyof having insufficient
buffer for redblockscausesanincreasen thetotal number
of 1/0s. This is becausehe extra buffer for black blocks
doesnot provide a compensatingecreas@ the numberof
I/Os for black blocks. Further whenthe sizeof red buffer
is enoughto hold the currentburst completely(at f), the
performanceof RBP matcheghat of NOM. Whenthered
bufferis furtherdecreasedvenintra-turstparallelismcan-
not be exploited sufficiently andthe numberof red|/Os in-
creaseglrastically Theseresultswerefurthervalidatedby
experimentsdoneby varying the numberof hotspotdisks.
Theseresultshave beenomittedfor brevity.

Thoughthe simulationsconsideredn this study were
basedon a simple model of the I/O system,the basicre-
sultswould carry over to a moredetailedmodelof reason-
ablesize. By schedulingl/Os acrossphasesRBP is able
to exploit parallelismnot evident to intuitive greedyalgo-
rithms. In addition, the batched/O natureof RBP allows
alower-level disk scheduleto optimizethe accessebased
ontheparametersf thatparticulardevice. A promisingav-
enuefor future experimentatioris to considera modelthat
allows parallelismacrosdisksin thel/O systemaswell as
takesinto accountheactualdisk headandbuffer optimiza-
tionsavailablefor a singledisk.

6. Conclusions

In this paperwe consideredhe problemof prefetching
andl/O schedulingf read-onceeferencestringsin aparal-
lel I/O system.We presented novel algorithm,Red-Black
Prefetching(RBP), for this problemand boundedits ap-
proximationratio. We shavedthatthe numberof I/Os per
formedby RBPis within ©(D'/3) of theoptimalschedule.
Thealgorithmis easyto implementandcomputationallye-
quirestime linearin thelengthof the referencestring. The
previous bestboundapplicableto this problemhadan ap-
proximationratio of ©(v/D). Simulationexperimentshave
validatedthe benefitsof RBP over simplegreedyprefetch-

ing.
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